We have completed a survey for pulsars at high Galactic latitudes with the 64 m Parkes radio telescope. Observing with the 13 beam multibeam receiver at a frequency of 1374 MHz, we covered ∼4150 square degrees in the region −100
• |b| 30
• with 7232 pointings of 265 s each, thus extending the Swinburne Intermediate Latitude Pulsar Survey a further 15
• on either side of the Galactic plane. The signal from each beam was processed by a 96 channel × 3 MHz × 2 polarization filterbank, with the detected power in the two polarizations of each frequency channel summed and digitized with 1 bit sampling every 125 μs, giving good sensitivity to millisecond pulsars with low or moderate dispersion measure. The resulting 2.4 TB data set was processed using standard pulsar search techniques with the workstation cluster at the Swinburne Centre for Astrophysics and Supercomputing. This survey resulted in the discovery of 26 new pulsars including seven binary and/or millisecond pulsars, and redetected 36 previously known pulsars. We describe the survey methodology and results, and present timing solutions for the 19 newly discovered slow pulsars, as well as for nine slow pulsars discovered the Swinburne Intermediate Latitude Pulsar Survey that had no previous timing solutions. Even with a small sampling interval, 1374 MHz center frequency, and a large mid-latitude survey volume we failed to detect any very rapidly spinning pulsars. Evidently, such "submillisecond" pulsars are rare.
INTRODUCTION
Since the discovery of the first radio pulsar (Hewish et al. 1968 ), a great deal of effort in radio astronomy has been expended searching for pulsars, with about 1800 pulsars known today. Until the late 1990s, most pulsars surveys focused on the region of sky near the plane of our galaxy since that is where the density of pulsars is highest. Also, early surveys usually were conducted at frequencies around 400 MHz because of pulsars' steep radio spectra, and because the larger beam produced by a given telescope at lower frequencies allowed for more rapid coverage of the sky, or conversely, longer integration on a given point in the sky, given a region of sky to cover and a fixed allocation of observing time.
However, there are clear advantages to searching for pulsars at higher frequencies. Most notably, dispersion and interstellar scattering are mitigated, allowing for better time resolution and hence sensitivity to pulsars with large dispersion measures (DMs) and narrow pulses. Also, the galactic synchrotron background has a steep spectrum and contributes substantially less to the total system temperature at higher frequencies. The main disadvantage of high-frequency surveys, namely the slow sky coverage resulting from a small telescope beam, has been mitigated by the innovative 13 beam multibeam receiver package at the Parkes radio telescope (Staveley-Smith et al. 1996 ) and 13 accompanying analog filterbanks which provide a combined beam area on the sky about 25% larger than the 70 cm system used in the Parkes Southern Pulsar Survey (Manchester et al. 1996) . The Parkes Multibeam Pulsar Survey covering ∼1500 square degrees within 5
• of the Galactic plane has used this system to great effect, roughly doubling the number of pulsars known before this survey began (Manchester et al. 2001; Lorimer et al. 2006 ).
While pulsars descend from short-lived massive stars which are born and die in the Galactic disk, older pulsars have had time to migrate away from the disk and will be found at moderate to high galactic latitudes. Millisecond pulsars (MSPs) which spin roughly a hundred times or more each second are in this older group, having lived a life as a "normal" pulsar, then later being "recycled" to very fast rotation rates by accreting matter from an evolved binary companion. It is these objects which promise to reveal the neutron star equation of state: discovering ever faster spinning pulsars constrains the size of neutron stars, and measuring effects predicted by Einstein's general relativity in binary systems allows us to determine their masses. Although there are fewer pulsars per unit solid angle at high Galactic latitudes than in the plane of the galaxy, a shallow survey of this relatively neglected part of the sky provides an efficient means for discovering recycled pulsars, as demonstrated by the Swinburne Intermediate Latitude Pulsar Survey in a region between 5
• and 15
• from the Galactic plane . Here, we describe the results of a 21-cm multibeam survey for pulsars at higher Galactic latitudes, between 15
• and 30
• from the Galactic plane. For a more complete description of this survey, see Jacoby (2005) .
OBSERVATIONS AND ANALYSIS
Between 2001 January and 2002 December, we observed roughly 4150 square degrees in the region −100
• in 7232 individual pointings of 265 s with the 64-m Parkes radio telescope at a central frequency of 1374 MHz. Using the 13-beam multibeam receiver system, the signal from each beam was channelized by a 96 channel × 3 MHz × 2 polarization analog filterbank; the powers from each polarization pair were summed, integrated, and 1 bit sampled at 125 μs intervals. The resulting 94,016 survey beams comprising 2.4 TB in total were written to 98 DLT tapes for later analysis. The observing and data processing procedures were virtually identical to those described by . Our observing hardware and methodology were identical to the Parkes Multibeam Pulsar Survey, except that our integration time per pointing was shorter (265 s compared to 2100 s) and our sampling interval was half as long (125 μs compared to 250 μs). The Parkes High Latitude Pulsar Survey, covering the region 220
• , also employed the shorter 125 μs sampling interval and 265 s integration time (Burgay et al. 2006) .
The minimum detectable flux density S min for a radio periodicity search can be calculated by a modified form of the radiometer equation:
where α is the threshold signal-to-noise ratio (S/N), β ≈ 1.5 is an efficiency factor taking account of losses such as quantization error, G is the telescope gain, Δν is the observed bandwidth, t int is the integration time, T rec and T sky are the receiver and sky contributions to the system noise temperature, and δ is the effective fractional duty cycle of the periodic signal, including contributions from the post-detection integration, dispersion smearing, finite DM search step size, and scattering. Figure 1 shows representative sensitivity curves for this survey. In our calculations, we have assumed that the pulsar signal contains (2 δ) −1 equally significant harmonics in the frequency domain. Our large data set was analyzed with the cluster of 64 Compaq Alpha workstations at Swinburne University of Technology's Centre for Astrophysics and Supercomputing. The filterbank data from each survey beam were padded with 32 empty channels with appropriate frequency spacing so that dispersion was a linear function of channel number in this 128 channel space. First, each channel was searched for strong, narrowband radio-frequency interference (RFI), and affected channels were masked. We then used the "tree" dedispersion algorithm (Taylor 1974) to break the 128 channels into 16 sub-bands, each dedispersed at a range of different DMs. This sub-band data could then be efficiently dedispersed and summed to form one of 374 trial DMs up to a maximum 562.5 pc cm −3 . Once the sub-band DM reached twice the diagonal DM of 17 pc cm
(when roughly one sample period of smearing occurs within an individual channel), adjacent time samples were summed (thereby doubling the diagonal DM) and the process repeated until the maximum search DM was reached.
The periodicity search used an adaptation of the search software from the Parkes Southern Pulsar Survey (Manchester et al. 1996) and followed standard pulsar search procedures. Briefly, the Fourier transform was computed for a given trial DM and searched for harmonically related patterns with a fundamental frequency greater than 1/12 Hz. The large list of possible candidates in the three-dimensional space of repetition frequency, number of harmonics summed, and DM was consolidated into a list of the best 99 suspects from each survey beam. Each of these was then subjected to a time-domain optimization in spin period (P) and DM. For each beam, the 48 most promising suspects from this optimization were saved for further scrutiny. We note that, because the maximum number of harmonics summed was 16, our search sensitivity was not optimal for pulsars with very small duty cycles ( 3%).
Candidate pulsars were selected from the search suspects using a variety of fixed and adaptive filters, and finally, by human examination. Typically, the roughly 45,000 suspects from a given tape were considered together. Filters were constructed to eliminate known interference fluctuation frequencies and to enforce criteria to eliminate other low-quality suspects such as short-period suspects with large relative DM error. The S/N threshold was set at 9 for suspects with P 20 ms and 9.5 for shorter-period suspects to help eliminate the many spurious short-period signals found in our data. Finally, adaptive filters were used to eliminate signals that appeared at nearly the same period separated by many telescope beam widths many times on one tape. These automated parameter-based filters and screens allowed us to cull the suspect list to fewer than 10,000, each of which was then given much more human attention than would have been possible for the full set of suspects. Information considered in the human examination of selected suspects included graphical representations of optimized period and DM relative to the values found in the frequency domain search, S/N as a function of DM trial, folded pulse profile in each of several frequency sub-bands, best integrated pulse profile, and folded pulse profile in each of several time sub-integrations. Plausible pulsar candidates were reobserved, with the observation time depending on the strength of the candidate.
DETECTED PULSARS
In addition to seven recycled pulsars (Jacoby et al. 2003; Jacoby et al. 2007; B. A. Jacoby et al. 2009, in preparation) , this survey discovered 19 new slow pulsars. After confirmation, we began a roughly monthly timing program to determine phase-connected timing solutions for all slow pulsars using the Parkes 512 channel × 0.5 MHz × 2 polarization filterbank in conjunction with the center beam of the multibeam receiver centered on 1390 MHz. Following standard pulse-timing procedures, folded profiles were cross-correlated with a template profile to determine times of arrival (TOAs). We used the standard pulsar-timing package tempo, 6 along with the Jet Propulsion Laboratory's DE405 ephemeris for all timing analysis. TOA uncertainties for each pulsar were scaled to achieve reduced χ 2 1 in order to improve the estimation of parameter uncertainties. Timing solutions for these pulsars are given in Table 1 6 http://www.atnf.csiro.au/research/pulsar/tempo/ and derived parameters are given in Table 2 . Average pulse profiles are shown in Figure 2 , and timing residuals relative to the models in Table 1 are shown in Figures 3 and 4 .
The timing behavior of these objects is typical of slow pulsars. Three of these slow pulsars (J1333−4449, J1339−4712, and J1816−5643) have relatively large characteristic ages (τ c = P /2Ṗ > 10 9 yr) and weak inferred surface dipole magnetic √ PṖ ≈ 10 10 G) compared to other slow pulsars. In Figure 5 , we plot B versus P for known pulsars with measuredṖ and indicate the objects found in this survey. These three objects fall in the transition region in B−P space between the predominantly isolated slow pulsars and the recycled pulsars found most often in binary systems.
In addition to the 26 pulsars discovered in this survey, 36 previously known pulsars were detected (Table 3) . Of the 30 previously known pulsars we failed to detect (Table 4) , only two have published flux densities at 1400 MHz (S 1400 ) greater than 0.4 mJy. We note that in the case of one extremely convincing MSP candidate-later confirmed as PSR J1741+1351 (Jacoby et al. 2007 )-it took four reobservations at four times the original survey integration time before it was convincingly redetected. Thus, the mean flux density of this pulsar was well below our survey limit. This experience highlights the important role played by scintillation in pulsar surveys. Many other candidates which were not as convincing or interesting as this one were, of course, not afforded four confirmation attempts, and there are doubtless other pulsars in the survey region which were not visible at the time of the survey observation. We have no doubt that reobserving regions which have previously been surveyed will yield new discoveries, even when a new observing capability or strategy is not brought to bear. The fraction of binary and recycled pulsars detected in this survey (7 out of 62 pulsars) is nearly twice that of the pulsar population as a whole (excluding pulsars in globular clusters), demonstrating the efficacy of a shallow, high-frequency survey away from the Galactic plane for finding MSPs. Figure 6 shows the period distribution of newly discovered pulsars with previously known pulsars in the survey region, excluding those in globular clusters. The distribution of new pulsar periods is clearly weighted toward short periods relative to the previously known pulsars even though MSPs are thought to have slightly steeper spectra than slow pulsars (Lorimer et al. 1995; Toscano et al. 1998) , suggesting that the improved effective time resolution afforded by observing at high frequency is a significant advantage compared with the sensitivity of the Parkes Southern Pulsar Survey at 436 MHz (Manchester et al. 1996) . The DM distribution of newly discovered pulsars is similar to that of the previously known pulsars (Figure 7) . Figure 8 shows the galactic distribution of newly discovered pulsars. It is curious that while most of the new pulsars are in the northern side of the galaxy, the distribution of new pulsars in the south is relatively isotropic in the survey region, while in the north, it falls off markedly with increasing distance from the Galactic plane.
The timing program described above also included a number of previously unsolved slow pulsars discovered in the Swinburne Intermediate Latitude Pulsar Survey. Timing model parameters for nine of these pulsars are given in Table 5 .
IMPLICATIONS FOR SUBMILLISECOND PULSARS
It is curious that the first millisecond pulsar discovered, PSR B1937+21 with P = 1.56 ms (Backer et al. 1982) , remained the fastest known for over two decades. Like the recently discovered record holder, PSR J1748−2446AD with P = 1.40 ms (Hessels et al. 2006) , it was discovered in a targeted search. Until fairly recently, few large-area pulsar surveys such as the one described here were sensitive to pulsars with spin periods of order one millisecond. It is interesting to ask whether the lack of observed pulsars with periods faster than that of J1748−2446AD can be explained by observational selection effects, or if it requires these putative "submillisecond" pulsars to be an extremely rare population. The temporal smearing due to dispersion τ DM as a function of DM in a given pulsar survey is dictated by both the observed frequency ν (in GHz) and the channel bandwidth B (MHz) according to
where DM is the dispersion measure in the usual units of pc cm −3 . For all of the Parkes multibeam surveys, this relation leads to a smearing of 1 ms at DM = 100 pc cm −3 rendering true submillisecond pulsars invisible at moderate to large values of DM. As can be seen from Figure 7 , there was only one pulsar detected beyond a DM of 100 pc cm −3 in this survey, which may indicate that the maximum DM of Galactic pulsars in the survey volume is close to that required to render a submillisecond pulsar invisible. Although it is possible to model a putative population of submillisecond pulsars based upon what we know about millisecond pulsars and place some limits on their numbers, it is difficult to model human interaction with real pulsar candidates. A pulsar candidate is always more convincing when several harmonics are detected, making it easier to discriminate against the literally thousands of sinusoidal candidates generated by RFI. Definitive statements about the submillisecond pulsar population will require surveys with very high time and frequency resolution, such as the PALFA survey at Arecibo (Cordes et al. 2006) . For now, we simply state that submillisecond pulsars appear to be at best relatively rare compared to the millisecond pulsar population.
CONCLUSIONS
We have completed a survey for pulsars covering 10% of the sky with the 21 cm multibeam receiver system at the 64 m Parkes radio telescope. This survey was very successful, discovering seven new recycled pulsars and 19 slow pulsars, and redetecting 36 previously known pulsars in the survey region.
Taken together with the previous Swinburne Intermediate Latitude Survey, which discovered 69 new pulsars including 8 recycled pulsars, we now have a consistent census of the pulsar population over ∼ 7100 square degrees between 5
• from the Galactic plane, which will be very valuable for modeling the underlying population.
The four major pulsar surveys using the Parkes multibeam receiver and associated filterbanks (this work, the Swinburne Intermediate Latitude Pulsar Survey, the Parkes Multibeam Pulsar Survey, and the Parkes High Latitude Pulsar Survey) have more than doubled the total number of pulsars known, and have led to the discovery of objects that span a broad range of parameter space: high-magnetic field pulsars (Camilo et al. 2000) , young pulsars (Kramer et al. 2003) , binaries with massive companions (Stairs et al. 2001) , intermediate mass binary pulsars with massive white dwarf companions (Camilo et al. 2001) , the double pulsar PSR J0737−3039A/B (Lyne et al. 2004) , and high timing precision millisecond pulsars such as PSR J1909−3744 . Pulsar surveys make breakthroughs when they cover a significant region of parameter space that was previously unsearched. The Parkes multibeam surveys covered a large area at a new frequency with good sensitivity to achieve impressive results. To break new ground, new surveys will have to improve their sensitivity through higher time and frequency resolution, or the use of larger telescopes. New field-programmable gate arrays permit the construction of relatively inexpensive digital filterbanks that can deliver very fine frequency and time resolution with multibit sampling. An obvious follow-up to the Parkes multibeam surveys would be to build a digital filterbank with ten times finer frequency resolution, allowing surveys to penetrate larger column densities of electrons.
